Equipped with Mendel's laws and only rudimentary knowledge of genes and genomes, the architects of the Modern Synthesis provided key insights into the dynamics of gene frequency change within populations. Extension of population genetic models to speciation identified Dobzhansky-Muller incompatibilities (negative epistatic interactions between genes from isolated populations) as the primary cause of hybrid inviability and sterility, a view consistent with empirical findings on the genetics of reproductive isolation in Drosophila. Although speciation models have become increasingly mathematically sophisticated, many remain based on an overly static concept of the genome, grounded in Mendelian genetics and devoid of potentially important biological details. A unifying theory of speciation therefore remains elusive, with debate over the relative importance of natural selection, sexual selection, sexual conflict, genetic drift, and selfish genetic elements in the evolution of reproductive isolation. Drawing on recent findings in molecular genetics and comparative genomics, we revisit, update, and extend the theory that reproductive mode plays a crucial role in shaping the speciation process. By providing a direct conduit for manipulation of the mother's physiology by genes expressed in the embryo, viviparity creates a postfertilization arena for genomic conflicts absent in species that lay eggs. In polyandrous species, viviparity-driven conflict (VDC) is likely to generate perpetual antagonistic coevolution between genes expressed during embryonic development and those involved in maternal reproductive physiology, thereby accelerating the rate at which postzygotic isolation evolves between populations. Moreover, in mammals and flowering plants, VDC has favored the evolution of genomic imprinting and a central role for epigenetic mechanisms in the regulation of antagonistic patterns of gene expression by maternally and paternally inherited genomes. VDC can account for the rapid rate at which mammals and viviparous fishes lose their ability to hybridize; the key role of the triploid endosperm in postzygotic reproductive isolation in flowering plants; and the kinds of traits, genes, and gene regulatory systems most critical to the evolution of postzygotic reproductive isolation in live-bearing species.
Introduction
The Modern Synthesis integrated Darwin's principle of natural selection with Mendel's laws of inheritance and theoretical population genetics to develop a theory of evolution in which populations evolve through changes in allele frequencies and speciation occurs when populations diverge sufficiently to become reproductively isolated (Dobzhansky 1937) . The pioneering population geneticists, Fisher (1930) , Wright (1931) , and Haldane (1932) , provided key insights into the dynamics of gene frequency change under the forces of selection, drift, mutation, and gene flow. In a triumph of elegance and simplicity, an evolutionary synthesis was forged, despite only rudimentary knowledge of genes and genomes. Indeed, neo-Darwinism was well established (Huxley 1942 ) more than a decade before the discovery of the molecular structure of DNA (Watson & Crick 1953) .
In extending population genetic models to speciation, the architects of the Modern Synthesis viewed the evolution of reproductive isolation as the incidental by-product of divergent natural selection and/or genetic drift. Speciation, however, presented a paradox for singlelocus, two-allele population genetics: how could hybrid sterility or inviability evolve without first generating incompatibility within a species? For example, if individuals from two recently diverged populations, fixed for the alternative genotypes AA and aa, are incompatible because of negative interactions between the A and a alleles in their heterozygous hybrid offspring, selection acting within each population could not have favored the fixation of the alternative allele, irrespective of whether the ancestral genotype was AA or aa. In either case, mutation to the new allele would have created an inviable or sterile heterozygote, resulting in elimination of the allele by selection. However, as pointed out by Bateson (1909) , Dobzhansky (1937) , and Muller (1942) , selection-driven reproductive isolation can evolve if incompatibilities result from interactions between alleles at two or more loci (epistasis). From an ancestral genotype AABB, A evolves into one population through either selection or drift, while B is replaced by b in the other population (Fig.1A) . The two populations, now fixed for the alternative genotypes aaBB and AAbb, may then be incompatible as a consequence of negative interactions between the a and b alleles in their hybrids. Negative epistatic interactions, known as Dobzhansky-Muller (DM) incompatibilities, are predicted to occur often in hybrids because interactions between alleles from isolated populations have not been tested by natural selection (Turelli & Orr 1995 .
In hindsight, the DM model seems to have been an ingenious solution to a problem that was more apparent than real. The implausibility of selection-driven, single-gene specia- Modified from Rieseberg and Willis (2007) .
tion is based largely on an outdated view of gene structure and allelic variation. The average human gene, for example, is now known to consist of approximately 3000 nucleotide bases (Lander et al. 2001) , providing ample scope for two diverging populations to evolve unique mutations at one locus. For example, an ancestral A 1 A 1 genotype could evolve to A 2 A 2 in one population and A 3 A 3 in a second population (Fig.1B) . Although the new A 2 and A 3 mutations might each be beneficial or neutral in combination with the ancestral A 1 allele, it is certainly feasible that incompatibility between these population-specific, single-gene mutations could cause sterility or inviability in the A 2 A 3 hybrid (Rieseberg & Willis 2007) . According to this scenario, DM incompatibilities are likely to be common-not because singlegene speciation is impossible but rather because a network of epistatic interactions involving many genes provides a much larger target for the fixation of incompatible mutations in diverging populations.
Drosophila Speciation Genetics Paradigm
As noted by Coyne and Orr (1998) , "the [DM] model is the basis for almost all modern work in the genetics of postzygotic isolation." It has also been argued (Charlesworth et al. 1987 (Charlesworth et al. , 1993 Coyne & Orr 2004 ) that the DM model best accounts for the fact that, in interspecies crosses, the heterogametic sex is more likely to be absent, rare, or sterile (Haldane 1922) . The theory predicts an evolutionary progression through hybrid sterility of the heterogametic sex to eventual hybrid inviability of both sexes, a trend supported by comparative studies of Drosophila (Coyne & Orr 1989 Wu 1992) . Indeed, Turelli (1998) suggested that "Haldane's rule is a way station through which almost all pairs of animal species pass on their way to producing completely inviable or sterile hybrids." The ability of the DM model to explain both Haldane's rule and an important role for the X chromosome in hybrid disruption (Orr 1995; Turelli & Orr 2000) has been promoted as evidence against alternative speciation hypotheses (Johnson & Wu 1992; Charlesworth et al. 1993; , particularly those proposing that incompatibility results from the absence in hybrids of coevolved suppressors of selfish genetic elements (e.g., Kidwell 1983; Frank 1991; Hurst & Pomiankowski 1991; Pomiankowski & Hurst 1993; Hurst & Schilthuizen 1998; Kidwell & Lisch 1998; Werren, 1998) . However, DM incompatibilities are the inevitable consequence of population isolation, and their existence reveals little about the processes that actually drive divergence (Wu & Ting 2004) . Ironically, although Drosophila is the paragon of the DM model and the view that reproductive isolation evolves as an epiphenomenon of natural selection acting on "ordinary genes" (Coyne & Orr 1998 , recent molecular evidence indicates that breakdown in suppression of selfish genetic elements, including meiotic drive alleles (Tao et al. 2001) , transposable elements (Brideau et al. 2006; Presgraves & Stephan 2007) , and male-killing cellular endosymbionts (Rodriguez et al. 2007) , is most likely responsible for the few Drosophila DM incompatibilities that have been identified to date.
Reproductive Mode and Speciation
"I intend to redress a balance, not to be balanced myself." (Grafen 1987) The simplicity and generality of the DM model, combined with the preeminent role of Drosophila in speciation research, has diverted attention from several fundamental issues in speciation, particularly the factors responsible for profound differences between lineages in the relative rates at which pre-and postzygotic reproductive isolation evolve (Wilson et al. 1974a,b; Zeh & Zeh 2000; Price & Bouvier 2002; Fitzpatrick 2004; Elliot & Crespi 2006) . Bird and frog species pairs, for example, retain the ability to produce viable hybrid offspring for up to 60 million years, an order of magnitude longer than do mammals (Prager et al. 1974; Wilson et al. 1974a,b; Prager & Wilson 1975; Zeh & Zeh 2000) . Although the utility of Drosophila in biological research is indisputable, speciation is a complex process (Turelli et al. 2001) for which no single lineage is likely to provide an all-encompassing, empirical model. As oviparous organisms that possess neither a CpG-methylated genome nor an adaptive immune system, drosophilids lack several functionally interrelated genetic, immunological, and reproductive characteristics important in viviparous development and are therefore limited in their applicability as models for evolutionary genetic studies of postzygotic reproductive isolation in live-bearing taxa. The absence of a physiological interface between mother and embryo precludes the potential for maternal-fetal conflict and the need for an immunological détente between maternal tissues and the developing fetus. As a consequence, Drosophila have evolved neither genomic imprinting nor a fundamental role for cytosine methylation in the epigenetic regulation of parent-of-origin gene expression during early development. This finding contrasts with the situation in almost all plant and mammal species (Feil & Berger 2007) .
The Drosophila-centric view that dominates speciation research has been instrumental in perpetuating the neo-Darwinian tradition of dismissing the importance of genomic conflict and non-Mendelian genetic mechanisms in the evolution of postzygotic reproductive isolation. For example, in a recent influential book on speciation (Coyne & Orr 2004) , no reference is made to pioneering, theoretical research on the evolution of genomic imprinting and its implications for speciation (Haig & Westoby 1991; Moore & Haig 1991) , nor is there any discussion of path-breaking studies of the role of imprinted genes in generating reproductive isolation between closely related Peromyscus species (Vrana et al. 1998 (Vrana et al. , 2000 (Vrana et al. , 2001 . The terms methylation, genomic imprinting, parent-of-origin gene expression, placenta, and reproductive mode appear on none of the book's 472 pages. Endosperm, epigenetics, and viviparity are each mentioned on one page. By contrast, Dobzhansky and Drosophila appear on 72 and 190 pages, respectively. In the context of the growing body of literature on epigenetic dysregulation and imprinting disruption in the failure of both angiosperm and mammalian hybrids (e.g., Haig & Westoby 1991; Vrana et al. 1998 Vrana et al. , 2000 Vrana et al. , 2001 Zeh & Zeh 2000; Bushnell et al. 2003) , these omissions point to a balance in need of redressing.
The Modern Synthesis: An Evolving Paradigm
The neo-Darwinian model of Mendelian genes embedded within static genomes is a paradigm increasingly at odds with discoveries in comparative genomics and molecular genetics. The genomes of species are proving to be far more dynamic entities than ever imagined by the founders of the Modern Synthesis. Horizontal gene transfer, for example, is now known to be a pervasive feature of prokaryotic evolution (Wolf et al. 2002) , with mobile genetic elements such as conjugative transposons (Salyers et al. 1995) possessing the dual ability to transfer genetic material both within and between the genomes of their bacterial hosts (Sebaihia et al. 2006) . Similarly, in eukaryotes, potentially disruptive transposable elements (TEs) are a predominant component of most genomes, sometimes constituting orders of magnitude more DNA sequence than protein-coding genes (Gregory 2005) . Cellular endosymbionts, such as Wolbachia, act as "parasitic sex puppeteers" (Hurst & Randerson 2002) , killing and feminizing males or causing cytoplasmic incompatibility in a wide array of arthropod hosts (Charlat et al. 2003) . Meanwhile, in flowering plants (angiosperms) and mammals, genomically imprinted genes violate Mendelian principles by varying their expression, depending on whether they are inherited through sperm or eggs (Wilkins & Haig 2003) . Such selfish genetic elements operating within the individual are not easily reconciled with the coadapted genome concept of the Modern Synthesis: the harmonious "parliament of genes, which so regulated itself as to prevent cabals of a few conspiring for their own selfish profit at the expense of the commonwealth" (Leigh 1977 ). The preponderance of selfish genes revealed by comparative genomics is most consistent with a view of evolution that ranks the gene as the fundamental unit of selection and the individual as an ephemeral manifestation of an uneasy alliance between genetic elements whose conflicting interests may often result in an irreconcilable arms race over transmission to the next generation (Dawkins 1976 (Dawkins , 1982 Cosmides & Tooby 1981; Bestor 2003; Zeh & Zeh 2005; Burt & Trivers 2006) .
Perhaps even more remarkable is the realization that one of the central tenets of modern biology, namely, that the characteristics of organisms are ultimately controlled by the nucleotide sequence of their genomes, is a concept that is also in need of revision (Richards 2006) . It is becoming evident that there is more to both the phenotype and the genotype than DNA sequence alone. Superimposed on the DNA scaffold is a system of somatically heritable, and sometimes transgenerationally heritable, epigenetic marks (Waterland & Jirtle 2003; Weaver et al. 2004; Anway et al. 2005; Cropley et al. 2006) . DNA methylation, RNA interference-mediated processes, histone acetylation, and other forms of chromatin remodeling all affect how tightly DNA is packaged in chromatin (Jaenisch & Bird 2003) . By providing differential access to the underlying genetic information, epigenetic marks determine whether, where, and when particular genes will be expressed (Jirtle & Skinner 2007) . These epigenetic mechanisms create individual, tissue-specific epigenomes, each with a unique pattern of gene expression. Epigenetics is increasingly being shown to be fundamentally important in the unfolding of development (Holliday 2006) ; in the regulation of potentially disruptive TEs (Bestor 2003; Slotkin & Martienssen 2007) ; in the parent-of-origin expression of genomically imprinted genes (Reik & Walter 2001) ; and in the pathogenesis of complex diseases in humans such as atherosclerosis (Zaina et al. 2005) , cancer (Feinberg et al. 2005) , and schizophrenia (Grayson et al. 2005) . Evidence is accumulating that epigenetic disruption in hybrids is likely to be particularly important as a mediator of postzygotic reproductive isolation in flowering plants and mammals.
The Viviparity-driven Conflict Hypothesis
In this review, we revisit the viviparity-driven conflict hypothesis (VDCH) for speciation (Zeh & Zeh 2000) , with the aim of emphasizing, expanding, and updating our thesis that reproductive mode plays a critical role in the evolution of postzygotic reproductive isolation. According to this hypothesis, the reproductive stage (mating, gametic, or postzygotic) at which divergence occurs most rapidly in a lineage is strongly influenced by whether a species is oviparous or viviparous (Zeh & Zeh 2000) . Compared with other barriers to hybridization, postzygotic isolation should evolve rapidly in viviparous species because embryonic development within the mother creates an arena for genomic conflicts nonexistent in species that lay eggs (Zeh & Zeh 1996 Crespi & Semeniuk 2004) . With viviparity, conflict can arise between mothers and developing embryos, between sibling embryos within the womb, and between maternal and paternal genomes within embryos (Haig 1993 (Haig , 1997 (Haig , 2000 Mochizuki et al. 1996; Spencer et al. 1999) . The evolutionary interests of embryonic genes are likely to conflict with those of the mother, particularly for genes unique to the Y chromosome (Hurst 1994a,b; Zeh & Zeh 2005) and paternally expressed, genomically imprinted alleles (Moore & Haig 1991; Haig 1993; Wilkins & Haig 2003) . The ability of viviparous females to reallocate maternal resources from defective to viable embryos can also increase the potential for genomic conflict (Zeh & Zeh 1996 ). Theory suggests that such reallocation from inviable male embryos to female sibling embryos exerts an important influence on the ability of cytoplasmic male killers to increase their frequency in host populations (Hurst 1991) . Also, overproduction of zygotes, followed by shunting of maternal resources from genetically defective to viable embryos (reproductive compensation), is essential for the spread of segregation distorter alleles with lethal or semilethal homozygous phenotypes (e.g., mouse t-haplotypes; see Lyttle 1991; Charlesworth 1994) .
VDCs are predicted to be most intense in polyandrous species in which females produce mixed-paternity broods. Because half-siblings have the same mother but different fathers, the coefficient of relatedness for maternally inherited alleles (r m ) is 0.5, whereas paternally inherited alleles in half-siblings are completely unrelated (r p = 0). Consequently, as the level of multiple paternity increases in a population, so too should the intensity of selection favoring a more aggressive paternal genome (Haig 1997 (Haig , 1999 Rice & Holland 1997; Burt & Trivers 1998; Hurst 1999) , even if multiple paternity occurs across rather than within broods (Mochizuki et al. 1996) . The resulting tug-of-war conflict between embryonic maternal and paternal alleles over resource transfer from mother to embryo is hypothesized to be the driving force behind the evolution of genomic imprinting (Haig & Graham 1991; Moore & Haig 1991; Haig 1997) . Known definitively only from marsupials, eutherian mammals, and angiosperm plants (Feil & Berger 2007; Hore et al. 2007 ), genomic imprinting is a form of non-Mendelian inheritance in which expression or silencing of an allele depends on whether it is inherited through sperm or eggs (Reik & Walter 2001) . Although single-locus population genetic models suggest that imprinting can evolve without multiple paternity (Spencer et al. 1998 (Spencer et al. , 1999 , the weight of theoretical evidence indicates that multiple paternity-driven conflict is essential to the evolution of genomic imprinting (Mochizuki et al. 1996; Haig 1997 Haig , 1999 Iwasa 1998; Hurst 1999) .
If one assumes that the maternal-paternal gene conflict hypothesis is correct, the components of this interplay should be constantly evolving as the result of a coevolutionary arms race over the allocation of maternal resources to developing embryos. If stimulation of resource transfer by the paternal genome and suppression by the maternal genome are viewed as polygenic traits (Mochizuki et al. 1996) , maternal and paternal genomes are likely to vary in the extent to which they are genetically compatible (Zeh & Zeh 1996 . A maternal multilocus genotype of high suppression activity, for example, will produce normal offspring only when paired with paternal genotypes of similarly vigorous resource transfer activity. Matings between males and females at the opposite ends of their respective distributions of gene expression are likely to result either in overdemanding progeny (Haig 1993) or in embryos that cannot sequester sufficient maternal resources. However, according to inclusive fitness theory (Mock & Parker 1997) , parent-oforigin gene effects are not essential for multiple paternity to generate conflict and influence offspring growth rate when multiple paternity occurs within broods. Between-embryo competition should be intensified as average relatedness declines (Queller 1994; Lessels & Parker 1999) .
According to the VDCH, viviparity shapes the process of speciation in two important ways. First, VDC should accelerate the rate at which postzygotic isolation evolves between populations by generating perpetual antagonistic coevolution, sensu Rice (1998) , between genes expressed during embryonic development and genes involved in maternal reproductive physiology. Interactions at the maternalfetal interface should diverge rapidly between populations and should often be the primary postzygotic barrier to hybridization. Second, by generating genetic incompatibility within populations, VDC is likely to favor the evolution of polyandry, thereby limiting the potential for divergence at the precopulatory stage (Zeh & Zeh 1996 ). Rather than depending on phenotype-based mate choice, females may more effectively reduce the risk and/or cost of fertilization by genetically incompatible sperm by mating with more than one male and exploiting the postcopulatory mechanisms of sperm competition, female choice of sperm, and the reallocation of maternal resources from defective to viable embryos (Zeh & Zeh 1996 . Selection for polyandry and decreased reliance on precopulatory female choice within populations is likely to restrain the evolution of mating barriers between populations. Rapid, antagonistic coevolution between embryos and mothers, and between maternally and paternally inherited genomes within embryos, in conjunction with restrained precopulatory divergence, should amplify the importance of postzygotic isolation as a speciation mechanism among viviparous taxa (Zeh & Zeh 2000) .
Predictions and Preliminary Tests of the VDCH
Here we update, expand, and where possible evaluate the original set of generalizations and predictions derived from the VDCH (Zeh & Zeh 2000) , incorporating recent findings in comparative genomics with advances in our understanding of how imprinted genes evolve and are epigenetically regulated.
Relative Rates at which Pre-and Postzygotic Reproductive Isolation Evolve
Prediction 1
The VDCH predicts that reproductive mode should exert a strong influence on the relative rates at which pre-and postzygotic reproductive isolation evolve. Postzygotic isolation should evolve most rapidly in multiparous, viviparous species exhibiting parent-of-origin gene expression and an extensive physiological connection between mother and developing embryos. Diverging pairs of viviparous taxa should therefore retain the ability to produce viable hybrid offspring for a significantly shorter duration than comparable pairs of oviparous taxa.
Empirical Patterns
The most extensive comparative studies of reproductive isolation have been carried out on oviparous animals, particularly Drosophila. By comparing levels of mating discrimination, hybrid sterility, and hybrid inviability among 171 Drosophila species pairs across a range of genetic distances, Orr (1989, 1997) provided evidence that, among allopatric taxa, pre-and postzygotic isolation evolve at similar rates, with a minimum divergence time of approximately 2.7 million years (Myr) (Nei's genetic distance [D] -0.54) required to achieve complete hybrid inviability, that is, inviability of both male and female hybrids. Among sympatric taxa, mating-stage isolation evolves much more rapidly than inviability, presumably as a result of reinforcement (Coyne & Orr 1997) . Similar studies carried out on Lepidoptera indicate a minimum time to complete hybrid inviability of approximately 4 Myr (Presgraves 2002). In both these oviparous insect lineages, prezygotic barriers to hybridization evolve at least as rapidly as postzygotic isolation, a trend even more pronounced among egglaying vertebrates. In birds, for example, Price & Bouvier (2002) found that 62% of crosses between congeneric species showed no reduction in intrinsic F 1 fertility or viability, indicating that prezygotic reproductive barriers evolve significantly more rapidly than loss of hybrid fitness. Remarkably, some viable hybrids have been produced by bird species that diverged from a common ancestor more than 55 million years ago (Ma) (Price & Bouvier 2002) . Slow loss of the hybrid viability is particularly well documented in oviparous freshwater fishes in the family, Centrarchidae. Using a multilocus molecular phylogeny calibrated with fossils, Bolnick and Near (2005) demonstrated that hybrid embryo viability declines at a mean rate of 3.13% per million years, but only after a lag of 6 Myr in which there is little or no loss in viability. In fact, several recently diverged centrarchid species pairs exhibited heterosis. In these fishes, with generation times intermediate between insects and terrestrial vertebrates, the minimum divergence time for complete embryonic inviability was estimated at 25 Myr. Even here, however, only one of the two reciprocal crosses exhibited complete inviability (Bolnick & Near 2005) .
The slow decline in hybrid viability exhibited by many oviparous taxa is in marked contrast to patterns observed in mammals and viviparous fishes. Using immunological distance as an index of divergence time, Wilson et al. estimated that mammals evolve complete hybrid inviability 10 times faster than birds and frogs (Prager et al. 1974; Wilson et al. 1974a,b; Prager & Wilson 1975 (Fitzpatrick 2004) . In fishes, a recent compilation of hybridizability data for 89 interspecific crosses indicates that viviparous species also lose their ability to produce viable hybrids at a rate several times faster than their oviparous counterparts (S.W. Coleman, pers. comm.). Studies of closely related deer mice (Peromyscus) suggest that mammals can evolve complete hybrid inviability within a few hundred thousand years (Dawson 1965; Rogers & Dawson 1970; Vrana et al. 1998 Vrana et al. , 2000 , compared with the millions of years (in Drosophila, Lepidoptera, and Aves) or tens of millions of years (in Centrarchidae) reported for oviparous species.
In flowering plants, as in mammals, embryos are nourished for an extensive period after fertilization. Consequently, as in mammals, hybrid viability in angiosperms should decline rapidly with divergence time. Although field studies generally attribute reproductive isolation in flowering plants to ecogeographic, pollinator, and mating system barriers (Rieseberg & Willis 2007) , this is primarily a consequence of the multiplicative nature of reproductiveisolating mechanisms, with early-acting barriers contributing disproportionately to overall reproductive isolation (Ramsey et al. 2003) . Experimental crosses conducted in the laboratory indicate that intrinsic postzygotic isolation often evolves rapidly in plants, at a rate exceeding that for Drosophila and Lepidoptera (Moyle et al. 2004; Scopece et al. 2007 ). For example, in an extensive, comparative study of food-deceptive orchids, Scopece et al. (2007) found that postzygotic isolation due to hybrid seed inviability can frequently exceed 90%, even at low genetic distances (D) of between 0.1 and 0.2. At D values greater than 0.32, postzygotic isolation exceeded 90% in all crosses (Scopece et al. 2007) .
Speciation Traits and the Contribution of VDC to total Postzygotic Isolation
"Move and countermove mean that the details of maternal-fetal relations may diverge rapidly between lineages." (Haig 1993) "The placenta exhibits greater interspecific variation in morphology than does any other mammalian organ." (Crespi & Semeniuk 2004) Prediction 2
Antagonism at the maternal-fetal interface should generate rapid divergence in embryonic tissues (trophoblast and placenta) that interact with the maternal reproductive tract. As a consequence, hybrid disruption should often be manifested as reduced viability of embryos and neonates, particularly in multiparous lineages characterized by high levels of polyandry, and in species pairs differing markedly in extent of multiple paternity (see Prediction 4, below ). Thus, diverging populations of viviparous taxa should often follow a direct path to low embryonic/fetal viability of both sexes. This assertion contrasts with the evolutionary progression commonly seen in Drosophila, in which hybrid sterility of the heterogametic sex evolves first, followed much later by inviability of males and females. All else being equal, early-acting postzygotic reproductive barriers, such as embryonic viability reduction, should contribute more to total postzygotic isolation than late-acting barriers, such as fertility reduction (Ramsey et al. 2003; Riesenberg & Willis 2007) . Consequently, VDC-mediated processes should make a large contribution to overall postzygotic reproductive isolation.
Empirical Patterns
In mammals, evidence indicates that incompatibility between the embryo and the maternal uterine environment is often the primary postzygotic barrier to hybridization (Gray 1972; Wilson et al. 1974a,b; Kraemer 1983; Rossant et al. 1983; Vrana 2007) . Although it may be true that, if only one sex from a mammalian interspecific cross is sterile, it is more likely to be the male (Gray 1972) , diverging mammalian populations often follow a direct path to low embryonic viability of both sexes (Short 1997) . High rates of fetal mortality in males and females, accompanied by the production of few but fertile males, have been documented in many interspecific mammalian crosses (Dawson 1965; Gray 1972; Tate et al. 1997) . Although speciation mechanisms have been less well studied in nonmammalian, viviparous taxa, recent evidence also points to embryonic viability reduction as an important postzygotic isolating mechanism in these taxa. For example, in closely related Trinidadian populations of the guppy, Poecilia reticulata, hybrid reduction in embryo viability was more important than mate choice as an isolating mechanism (Russell & Magurran 2006) . Similarly, M.S. Schrader and J. Travis (pers. comm.) have observed high rates of spontaneous abortion in crosses between populations of the highly matrotrophic poeciliid Heterandia formosa. The rapid evolution of low embryonic fitness in these viviparous fish hybrids contrasts dramatically with the slow decline in hybrid viability observed in the oviparous centrarchid fishes discussed earlier (Bolnick & Near 2005) .
Why is hybrid embryo development in viviparous species so vulnerable to disruption? The relatively recent discovery that maternally and paternally inherited genomes play functionally distinct and antagonistic roles during mammalian embryonic development provides perhaps the most compelling support for the hypothesis that genomic conflict at the maternal-fetal interface should act as a critical barrier to hybridization. This fundamental insight derives from path-breaking experiments in which mouse oocytes were engineered to contain either two maternally derived or two paternally derived genomes (McGrath & Solter 1984; Surani et al. 1984) . Replacement of the male pronucleus in a recently fertilized egg with a female pronucleus gave rise to a gynogenetic embryo exhibiting a form-without-growth pattern of development (Fig. 2) . In both gynogenotes and parthenogenotes (oocytes induced to divide and duplicate their own genome), normal morphogenesis of the early-stage embryo was accompanied by severely retarded development of the trophoblast and placenta, the embryonic tissues that grow invasively into the uterine lining to acquire maternal nutrients (reviewed in Vrana 2007) . By contrast, zygotes altered to contain two male pronuclei (androgenotes) displayed a growth-without-form developmental pattern, involving extensive overgrowth of the trophoblast and the placenta but minimal development of the embryo proper. More recent studies, incorporating gene knockout techniques, have shown that these extreme phenotypes result from imbalances in the expression of relatively few genomically imprinted genes (Constancia et al. 2004) . At imprinted loci involved in placental growth and/or in acquiring maternal resources, such as Rtl1 (retrotransposon-like 1) and Igf2 (insulin-like growth factor 2), paternally inherited alleles are expressed, whereas their maternally inherited counterparts are transcriptionally silenced. The opposite maternal-paternal expression pattern occurs at growth-restraining loci such as Rtl1as (Rtl1 antisense) and H19, with maternally inherited alleles coding for untranslated RNAs that subvert the expression of Rtl1 and Igf2, respectively (Constancia et al. 2004; Sekita et al. 2008) . This parent-of-origin gene expression results primarily from differential DNA methylation during gametogenesis in males and females (Lewis & Reik 2006) . In humans and other mammals, conceptuses with maternal-paternal genome imbalances occur naturally, demonstrating that these fetal growth patterns are not simply experimental artifacts. The catastrophic consequences of unregulated paternal gene expression are most apparent in complete hydatidiform moles (CHMs). CHMs either lack a maternal genome or possess a maternal genome with a paternal pattern of methylation (Van den Veyver & Hussaini 2006). If not aborted, human CHMs, which contain no fetal tissue, fill the uterus with chorionic villi and may develop into invasive gestational trophoblastic disease and malignant choriocarcinomas (Szulman 1999) .
Antagonism between maternal and paternal genomes and between mother and fetus can explain an otherwise paradoxical pattern in which the trophoblast and the placenta are among the most rapidly evolving mammalian organs (Mossman 1987; Faber et al. 1992) . Even among closely related species, these embryonic tissues at the maternal-fetal interface differ markedly in the chemical signals they produce, in their expression sites for growth factors, in their gross morphology and cell types, and in the degree of invasiveness into the uterine lining (Crespi & Semeniuk 2004; Wildman et al. 2006; Klisch & Mess 2007; Mess & Carter 2007) . These findings are particularly striking, because such rapid evolution runs counter to the conserved nature of traits expressed early in development (Gould 1977) . Moreover, the functions of the placenta (transfer of nutrients, removal of waste products, and exchange of respiratory gases) are essentially the same in all species (Faber et al. 1992) . Although placental diversity and complexity are most extreme in mammals, similar patterns of rapid and divergent evolution are also evident in live-bearing, nonmammalian vertebrates, such as squamate reptiles (Blackburn 1995) and Poeciliopsis fishes (Reznick et al. 2002) . It is estimated, for example, that placental viviparity has originated at least 100 times in snakes and lizards (Blackburn 1998) , whereas recent phylogenetic evidence indicates that, in topminnows, complex placental structure and extensive maternal provisioning of embryos (matrotrophy) can evolve in less than 750,000 years (Reznick et al. 2002) .
Speciation Genes: Divergence in Epigenetic Regulation of Imprinted
Genes Drives Hybrid Disruption "The thought that so much of the genome should have been derived from parasites is revolting, and so there is faith that the transposon population will be shown to exist to serve the host." (Bestor 2003) Prediction 3 Although known imprinted genes constitute only a small fraction (<1%) of the total number of protein-coding genes in mammals and flowering plants (Feil & Berger 2007; Luedi et al. 2007) , imbalances in and disruption to normal patterns of imprinted gene expression should play a large and disproportionately important role in overall postzygotic isolation between closely related populations and species.
Empirical Patterns
A main focus of modern population genetics has been the development of mathematical tools for inferring the processes responsible for DNA sequence evolution. Application of these methods to Drosophila has revealed that "speciation genes," that is, genes underlying hybrid fitness reduction (Wu & Ting 2004) , often carry signatures of strong, positive selection, supporting the conclusion that speciation is a by-product of natural selection acting on "ordinary genes" (e.g., Coyne & Orr 2004; Orr et al. 2007) . Such conclusions are likely to reflect, at least in part, a conceptual and methodological predisposition to assigning evolutionary importance to primary DNA sequence. For genomically imprinted genes, their phenotypic effects clearly entail much more than the amino acid sequence of their encoded proteins (Reik & Walter 2001) . Most imprinted genes in mammals are clustered in chromosomal domains that contain both maternally and paternally expressed genes (Lewis & Reik 2006) . These clusters are regulated by imprinting control regions (ICRs) that are differentially methylated during spermatogenesis and oogenesis (Wood & Oakey 2006) . The ICR's parent-of-origin epigenetic mark is then propagated throughout the imprinted gene cluster, sometimes regulating the expression of genes several million base pairs from the control region (Lewis & Reik 2006) . Regulation of gene expression within the ICR is extremely complex and may include additional CpG DNA methylation, antisense transcription, histone acetylation and methylation, blocking of enhancers and repressors by insulator proteins, and RNA interferencemediated processes (Hore et al. 2007 ). Consequently, imprinting can result not only in silencing of alleles but also in increased expression of other loci, for example, by suppressing an inhibitor (Hunter 2007) . Here, we review recent findings that indicate a causal link between hybrid disruption in mammals and angiosperms and breakdown in the epigenetic regulation of imprinted gene expression. To place these findings in evolutionary context, we first discuss emerging evidence that TEs, together with coevolved host defenses against transposition, have played a critical role both in the origin of viviparity and in the evolution of imprinting mechanisms in mammals.
Citing the ability of endogenous retroviruses (ERVs) to suppress the immune response and promote cell-to-cell fusion, Harris (1998) proposed that an ERV, selectively expressed in the embryonic trophectoderm, may have been responsible for the evolution of the placenta and the tumorlike invasive properties of the trophoblast. Compelling support for Harris' hypothesis was recently provided by a landmark series of studies conducted by KanekoIshino, Ishino et al. (see Ono et. al. 2006; Suzuki et al. 2007; Sekita et al. 2008) . Therian mammals (marsupials and eutherians) diverged from the egg-laying monotremes (the platypus and the echnidas) approximately 170 Ma (Bininda-Emonds et al. 2007) . The evolution of the placenta, a short-lived and relatively simple organ in marsupials, is associated with the acquisition of Peg10 (paternally expressed gene 10), a retrotransposon-derived gene with homology to the "sushi-ichi" family of long terminal repeat (LTR) retrotransposons (Ono et al. 2006) . LTR retrotransposons are closely related to ERVs but lack the envelope protein required for extracellular mobility (Wicker et al. 2007) . Peg10 is imprinted and paternally expressed in both marsupials and eutherians (Suzuki et al. 2007) . Gene knockout experiments performed on mice have demonstrated parentof-origin-specific lethality, with an essential role for the paternally inherited Peg10 allele in the formation of the placenta (Ono et al. 2006) . A second retrotransposon-derived gene, Rtl1 (retrotransposon-like 1; see earlier), arose in the common ancestor of eutherians after their divergence from marsupials. Sekita et al. (2008) have established that Rtl1 is required for the maintenance of fetal capillaries during latestage fetal development. Like Peg10, Rtl1 is a paternally expressed, imprinted gene with homology to sushi-ichi LTR retrotransposons. In mice, deletion of the paternally inherited Rtl1 allele and maternal knockout of the Rtl1as locus, leading to overexpression of Rtl1, both result in late fetal or neonatal lethality. These studies indicate that paternally expressed, imprinted genes that were derived from retrotransposons are essential for both the early development and the late-stage functioning of the placenta. Given the many retrotransposonderived, placentally active genes that remain to be assessed for imprinting status (Dunlap et al. 2006; Sekita et al. 2008) , Peg10 and Rtl1 may represent the merest fraction of the tip of the iceberg.
The critical role for Peg10 in the origin of the placenta, together with the DNA methylation characteristics of the locus in marsupials, suggest that silencing of exogenous DNA after retrotransposon insertion was a critical step in the evolution of the epigenetic systems involved in regulating imprinted gene expression in mammals (Suzuki et al. 2007) . Because retrotransposons are differentially methylated in male and female germ cells (Yoder et al. 1997) , TE silencing by DNA methylation would have provided a preexisting mechanism for parent-of-origin gene expression (Suzuki et al. 2007) . Indeed, evidence is now overwhelming that DNA methylation functions in both mammals and flowering plants as a host defense mechanism to suppress the potentially disruptive activity of TEs (Bestor 2003; Slotkin & Martienssen 2007) . Although the underlying dynamic between TEs and the host genome is antagonistic, TE-driven evolution of complex epigenetic regulatory machinery probably contributed to the diversification and evolutionary success of placental mammals (Bestor 2003) , similar to technological advances fueled by arms races between warring human societies.
Although TE-derived genes appear to have played a pivotal role in placental evolution, many of the approximately 80 known imprinted loci in mammals are genes with nonimprinted homologues in other vertebrates (Hore et al. 2007) . Expression patterns in most but not all of these imprinted genes closely fit the predictions of Haig's parental conflict hypothesis: They are abundantly expressed in the trophoblast and the placenta, paternally inherited alleles act to promote fetal growth or neonatal suckling, and maternally inherited alleles function to suppress or counteract the effects of paternally inherited alleles (Constancia et al. 2004; Wood & Oakey 2006) . Recent comparative genomic studies, carried out on divergent mammalian lineages, have clarified both how non-TE-derived genes may have acquired imprinting status and why some imprinted genes exhibit functions unrelated to parental conflict. These investigations have revealed a structurally dynamic mammalian genome in which genes may acquire imprinting status as a result of insertion, either through translocation or retrotransposition, into coordinately regulated imprinted domains. As Hore et al. (2007) point out, many imprinted genes "seem to have been 'innocent bystanders' that were caught up in domain-wide repressive chromatin changes." Consequently, attempts to assign an adaptive function to every imprinted gene (e.g., Wolf & Hager 2006 ) may prove to be misguided (Hore et al. 2007) .
The findings discussed above suggest an evolutionary pathway to viviparity that differs profoundly from the conventional view of live birth as an adaptation to enhance maternal fitness (Zeh & Zeh 2002) . Clearly, egg retention, the first step toward viviparity, is likely to have been favored because it enhanced the lifetime reproductive success of the mother in the face of ecological factors, such as adverse climatic conditions and predation pressure (Shine 1985; Heulin et al. 1989) . The evolution of egg retention, however, also allowed embryonic manipulation of maternal physiology (Crespi & Semeniuk 2004) . After this initial step, the paternal genome, operating within the context of multiple paternity and aided in its parentof-origin gene expression by parasitic genetic elements, then became a major and, until relatively recently, unappreciated player in driving the evolution of mammalian development and patterns of speciation.
Direct evidence that imprinted loci function as speciation genes in mammals comes from studies of closely related species of the rodent genus, Peromyscus (deer mice). Crosses between Peromyscus polionotus (Ppo) females and P. maniculatus (Pma) males result in massively enlarged placentas, a high incidence of spontaneous abortion, near-term fetal death, and/or death of pregnant females during late stages of gestation (Dawson 1965; Rogers & Dawson 1970; Vrana et al. 1998 Vrana et al. , 2000 Vrana et al. , 2001 . Moreover, pregnancies involving conceptuses all with extensive placental but no fetal growth, as in the androgenic conceptuses and complete hydatidiform moles discussed above, occur with appreciable frequency (Duselis & Vrana 2007 ). In the reciprocal Pma female × Ppo cross, fetal survivorship is higher, but both neonates and adult F 1 offspring are abnormally small. In contrast to these large effects on size and survivorship, hybrid disruption due to male and female fertility reduction is minimal (Dawson 1965; Duselis & Vrana 2007) . Linkage studies have identified two gene regions, both of which exhibit parent-of-origin effects, that are associated with the overgrowth phenotypes in the Ppo female × Pma male cross (Loschiavo et al. 2007) . One region, Peal, is a paternally expressed autosomal domain containing the imprinted locus, Peg3. The second region, Mexl, maps to a maternally expressed region of the X chromosome containing the homeobox gene Esx1. Both loci exhibit abnormal expression patterns in hybrids (Loschiavo et al. 2006) . Indeed, in a survey of eight imprinted loci (Igf2, Peg3, Mest, Snrpn, Igf2r, H19, Mash2, and Grb10) , imprinting disruption was widespread, with six genes expressed abnormally, that is, biallelically, in hybrids (Vrana et al. 1998) . Similarly, in a study of the expression patterns of 18 imprinted genes in hybrids between the mouse species Mus musculus and M. spretus, all but three loci exhibited disrupted expression patterns in at least one of three tissues sampled (Shi et al. 2005) .
Recent studies indicate that patterns of gene expression are also dramatically altered in the frequently polyploid hybrids of flowering plants (Adams 2007) . In some cases, it has been possible to disentangle the effects of chromosome doubling from those of hybridization. These studies reveal that hybridization has a much greater effect on gene expression than polyploidy (Albertin et al. 2006; Hegarty et al. 2006) . Nearly two decades ago, Haig et al. (Haig & Westoby 1991; Moore & Haig 1991) proposed that imprinting imbalances in the endosperm represent a major barrier to hybridization in plants.
There is now direct experimental evidence in support of this hypothesis (Kohler et al. 2005; Josefsson et al. 2006) . In angiosperms, the female gametophyte is formed within the ovule and gives rise to both the embryo proper and the endosperm, the tissue involved in mediating nutrient transfer from maternal tissues to the embryo (Brown et al. 1999) . Whereas the embryo is conceived in the usual way, that is, through the fusion of haploid egg and sperm, endosperm formation is a two-step process. Two haploid maternal nuclei first fuse to form a diploid central cell, which is then fertilized by a second sperm cell to form the triploid endosperm. Because the paternally derived genome in the endosperm insinuates itself into a maternal tissue specialized for nutrient transfer, it is not surprising that imprinting in angiosperms usually involves the epigenetic silencing of paternally inherited alleles (Feil & Berger 2007) .
In a pioneering study, Josefsson et al. (2006) demonstrated that aberrant expression of the imprinted locus PHE1 (PHERES1) acts as an effective postzygotic barrier to hybridization between the two closely related mustard species Arabidopsis thaliana (Ath) and A. arenosa (Aar). Although Aar pollen readily fertilizes Ath ovules, approximately 95% of hybrid seeds are aborted. This high failure rate is associated with endosperm overgrowth and arrested or abnormal growth of the embryo. PHE1 is a gene that is normally paternally expressed. However, in hybrid endosperm, it is overexpressed as a consequence of ineffective silencing of the maternal allele. In fact, most PHE1 transcript in hybrid seeds was found to be maternal in origin. A causal relationship between PHE1 biallelic expression and hybrid breakdown was demonstrated by knocking out the maternal PHE1 allele, resulting in a significantly higher proportion of viable seeds.
The discovery, first in mammals and more recently in angiosperm plants, that imprinting disruption may be widespread in hybrids points to parent-of-origin gene expression as a crucial reproductive isolating mechanism in viviparous taxa. Hybrid breakdown in gene silencing indicates that imprinted gene expression is determined not only by DNA methylation marks received during gametogenesis but also by poorly understood trans-acting regulatory factors that malfunction in the hybrid genetic background. Within species, loss of imprinting, that is, biallelic expression of imprinted genes, results in an imbalanced phenotype subject to debilitating disease and low fitness (Murphy & Jirtle 2003) . The same effects must also apply to loss of imprinting in hybrids.
Mating System Divergence and Asymmetrical Incompatibility Prediction 4
Postzygotic isolation should evolve rapidly and asymmetrically between populations that differ appreciably in levels of polyandry. Selection should favor a more aggressive paternal genome and a more defensive maternal genome in the polyandrous population and a less aggressive paternal and less defensive maternal genome in the monandrous population. Consequently, genomically imprinted gene expression should be grossly imbalanced in hybrids, with reciprocal crosses exhibiting asymmetrical patterns of reproductive isolation. Crosses between polyandrous-population (PP) males and monandrous-population (MP) females should result in elevated rates of spontaneous abortion and pregnancy-related maternal death but, at least in the early stages of population divergence, greater placental and fetal growth in the few hybrid embryos that do survive. The reciprocal cross (MP males × PP females) should be characterized by greater likelihood of term pregnancy but also growth retardation, particularly of the placenta, resulting in low birth weight and reduced offspring competitive ability.
Empirical Patterns
Strong support for this prediction, which is more accurately described as a generalization based on data, is provided by the results of the reciprocal crosses between the two Peromyscus species discussed earlier. Matings between males from the polyandrous Pma (Birdsall & Nash 1973) and females from the essentially monogamous Ppo (Foltz 1981) resulted in a high incidence of spontaneous abortion, nearterm fetal death, or death of pregnant females during late stages of gestation, with only 17% of pairings leading to offspring birth (Dawson 1965) . Surviving fetuses were, however, 33% heavier at birth than either parental species and almost 200% heavier than the reciprocal hybrid (Dawson 1965) . Although the reciprocal Ppo male × Pma female cross was much more frequently successful (46%), the small size of the resulting hybrids is likely to have made them noncompetitive. As predicted, placental mass exhibited the greatest degree of reciprocal cross-asymmetry and was fivefold greater in the Pma male × Ppo female cross. Similar patterns of asymmetrical postzygotic incompatibility have been detected in crosses between P. leucocephalus and P. maniculatus and between P. nasutus and P. comanche (reviewed in Gray 1972) , but molecular data on levels of polyandry are lacking. Most attempts at hybridization between other Peromyscus species have proved unsuccessful (Gray 1972) . Ongoing investigations of the live-bearing poeciliid fish, Heterandia formosa, are also revealing an asymmetrical pattern of isolation consistent with the theory. Crosses between males from a relatively polyandrous H. formosa population with females from a more monandrous population exhibit higher rates of embryo abortion than either the reciprocal cross or within-population crosses (M.S. Schrader & J. Travis, pers. comm.).
Mating System Divergence: Gametic
Versus Postzygotic Isolation
Prediction 5
Population differences in the intensity of polyandry-driven conflict are more likely to result in bidirectional incompatibility and speciation when conflict is manifested at the postzygotic stage, as opposed to the prezygotic, gametic stage of reproduction. In polyandrous populations, sperm competition and sexual conflict over control of fertilization should favor competitive ejaculates that may enable PP males to prevail in sperm competition with MP males. If one assumes an allopatric model of speciation, the resulting unidirectional isolation would contribute to reunification of gene pools upon secondary contact. By contrast, gross imbalances in imprinted gene expression, resulting from different intensities of polyandrydriven conflict, are likely to generate bidirectional reproductive incompatibility at the postzygotic stage and thus reinforcement of the speciation process.
Empirical Patterns
To our knowledge, this prediction has not yet been tested in animals, but it is logically similar to the empirically well-supported weak inbreeder/strong outbreeder hypothesis recently developed for plants (Brandvain & Haig 2005) . According to this hypothesis, crosses between self-pollinating, self-compatible (SC) plants and outcrossing, self-incompatible (SI) plants should involve parental genome imbalances. Parental conflict is more intense in outcrossing populations because SI plants are pollinated by multiple, unrelated pollen donors. In crosses between closely related SC and SI plants, outcrossing parents are therefore predicted to "overpower" selfing parents. At the prezygotic, gametic stage, pollen from outcrossing plants, honed by an evolutionary history of intense competition, should prevail in competition for fertilizations, irrespective of whether the ovule is from an SC or SI plant. By contrast, even without competition, pollen from selfing plants should often fail to overcome strong barriers to fertilizing ovules from outcrossers. Interestingly, at the postzygotic stage, the outcomes are often reversed. Fertilization of SC endosperm by SI sperm results in an overdemanding paternal genome, increasing the likelihood of aberrant embryonic development and/or spontaneous abortion of the seed. In the reciprocal cross, if SC pollen can fertilize SI ovules, seeds are often small but germination success is reasonably high (Brandvain & Haig 2005) . The VDCH predicts that imprinting imbalances between diverged maternal and paternal genomes will be most extreme in developing F 1 hybrid embryos. Such imbalances should be diluted by recombination during gametogenesis in the F 1 generation, resulting in F 2 hybrid rebound.
The classic pattern of F 2 hybrid breakdown in Drosophila and other oviparous invertebrates is generally attributed to the breakup of coadapted gene complexes that occurs during meiosis in the F 1 hybrids (Dobzhansky 1948; Edmands 1999) . The VDCH, by contrast, predicts that the primary barrier to hybridization in mammals should often result from deleterious interactions between diverged maternal and paternal genomes in the developing F 1 hybrid embryo. Such deleterious interactions should be diluted by recombination during gametogenesis in the F 1 generation, increasing the number of viable F 2 offspring produced. The same reasoning can be applied to interactions between embryonic genes, which are extensively expressed by the paternal genome in the trophoblast and placenta (Constancia et al. 2004) , and maternal tissues of the mother's reproductive tract. F 2 hybrid rebound is evident in the Peromyscus crosses just discussed and appears to be a common feature of hybridization in flowering plants and mammals (Dawson 1965; Gray 1972; McKenzie & Cooper 1997; Tate et al. 1997; Bradshaw et al. 1998 ).
Conflict-driven Negative Epistasis
Between X and Y
Prediction 7
In live-bearing species, strict paternal inheritance of the Y chromosome should favor the evolution of Y-linked embryonic growthpromoting genes whose effects should then be countered by X-linked suppressor loci. Hurst (1994a,b) proposed that strict paternal inheritance of the nonrecombining region of the Y chromosome should favor the evolution of Y-linked embryonic growth-promoting genes in live-bearing species. Indeed, in several mammals, Y-linked gene expression results in male embryos that develop and implant faster than female embryos (Burgoyne 1993; Erickson 1997; Gutiérrez-Adán et al. 2006) . By triggering uterine changes that inhibit later implantation by slower-developing blastocysts, Y-linked genes could promote their transmission by causing mothers to differentially abort XX embryos. Such male-biasing effects should favor inhibitory factors or counterbalancing growth factors on the X chromosome (Hurst 1994a,b) , potentially leading to imbalances in the expression of X-and Y-linked genes in hybrid embryos. The consequences of such imbalances for hybrid sex ratio are likely to be complex, depending on divergence time and the specific genetic, physiological, and immunological mechanisms involved. It seems most probable that early stages of population divergence would be characterized by male bias, followed by female bias, as X-Y imbalances become extreme, and males suffer disproportionately high rates of spontaneous abortion. Although the degeneracy of the mammalian Y chromosome is likely to limit the magnitude of its growth promotion effects relative to imprinted genes, Y-linked growth enhancers should easily evolve for two reasons. First, because Y-linked genes are never transmitted through females, they do not require an epigenetic mechanism for parent-of-origin gene expression. Second, multiple paternity is not required to generate X-Y conflict.
Empirical Patterns
Although far from constituting a critical test, the plausibility of the X-Y conflict hypothesis has been bolstered by recent gene expression studies of full-term human placentas (Sood et al. 2006) . With only 78 protein-coding units that collectively encode just 27 distinct proteins, the human Y chromosome is a genetic wasteland that is a trivial player in the overall expression pattern of the human genome (Skaletsky et al. 2003) . Nonetheless, three of the seven placental genes that exhibit significant malespecific expression were found to occur on the Y chromosome (EIF1AY , DBY , RPS4Y ), whereas nine of the 34 significantly female-expressed genes are located on the X chromosome (Sood et al. 2006) . At a minimum, these results indicate that the potential for intrauterine X-Y antagonism exists. More direct evidence of a Y-chromosome role in speciation is provided by genetic analyses suggesting that male-specific placental dysplasia in Mus musculus-M. spretus hybrids is caused by Y-chromosome effects (Hemberger et al. 2001) .
Conflict-driven Cytonuclear Incompatibility Prediction 8
Antagonistic coevolution between mitochondria and Y chromosomes, fueled jointly by viviparity and diametrically opposed, uniparental modes of inheritance, should contribute to cytonuclear incompatibility in hybrids.
Empirical Patterns
Whereas Y-linked genes are paternally inherited, mitochondria are, with few exceptions, transmitted only through females. These diametrically opposed, uniparental modes of inheritance put Y genes and mitochondria in direct conflict over optimal sex ratio. Expression of Y-linked growth promoters may provide mitochondria with an unambiguous signal that the embryo is male, that they will not be transmitted to the next generation, and that clonally related mitochondrial lineages may suffer an increased risk of elimination by spontaneous abortion of XX (female) sibling embryos (see Prediction 7). Because mitochondria play a pivotal role in metabolism-dependent programmed cell death (van Gurp et al. 2003) , Zeh and Zeh (2005) hypothesized that mitochondrial mutations triggering apoptosis-mediated male death in utero may periodically arise in mammalian populations. Reproductive compensation, involving reallocation of maternal resources from dead male embryos to female siblings, could favor the spread of such mitochondrial male killers. However, an increase in male-killer frequency should create strong counterselection for suppression by the nuclear genome. In hybrids, the absence of coevolved nuclear suppressors of mitochondrial male killers should act to reduce the viability of male fetuses.
Although rigorous tests of this admittedly speculative hypothesis are not currently available, there are at least tantalizing data to support its basic premises. For example, in several mammalian species, glucose metabolism in male embryos is significantly higher than in females. Female embryos more effectively regulate oxygen radicals and several of the proteins involved in apoptosis. Not surprisingly, male embryos produce more H 2 O 2 , which under favorable conditions promotes higher rates of cell proliferation. Under stressful conditions, however, H 2 O 2 induces higher rates of apoptosismediated cell death (reviewed in Gutiérrez-Adán et al. 2006) . These patterns suggest that imbalances in the expression of mitochondrial and Y-linked genes should disproportionately affect the survival of male hybrid fetuses.
Maternal Epigenetic Effects on Hybrid Disruption
Prediction 9
Gestation in a partially foreign maternal environment may contribute to epigenetic disruption and fitness reduction in hybrid offspring.
Empirical Patterns
Recent evidence indicates that environmental factors experienced by the mother during gestation, such as the quantity of methyl donors in her diet or exposure to endocrine disruptors, can strongly influence patterns of epigenetic regulation in her offspring (Waterland & Jirtle 2003; Anway et al. 2005; Cropley et al. 2006) . Extension of this logic to speciation indicates that gestation in a partially foreign maternal environment may contribute to epigenetic disruption in hybrid offspring and concomitant fitness reduction.
Concluding Remarks
Based as it was on limited knowledge of genes and genomes, the Modern Synthesis established a strong precedent in evolutionary biology for stressing simplicity and generality over biological reality. This tradition is clearly evident in much of the theory concerning the genetics of reproductive isolation, which until recently took no account of the potential importance of reproductive mode for speciation. As we have repeatedly emphasized, development of the embryo within the mother creates an arena for genomic conflicts absent in species that lay eggs. In viviparous species, the mother's physiology is under joint fetal and maternal control, which has fostered the evolution of complex epigenetic mechanisms that enable genes to behave in a context-dependent manner. In a real metaphorical sense, genomically imprinted genes are cognizant of their recent history, and they behave accordingly. The epigenetic regulatory systems that enable parent-of-origin gene expression in mammals and flowering plants appear to be especially sensitive to the destabilizing effects of hybridization, with potentially profound implications for speciation. As the evidence presented in this article indicates, patterns in nature support the theory that reproductive mode plays a crucial role in shaping the speciation process. Oviparous and live-bearing taxa differ greatly not only in the rate at which hybrid viability declines with divergence time but also in the kinds of traits, genes, and gene regulatory systems most critical to the evolution of reproductive isolation.
